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Radiation reation eets on ion aeleration in laser foil interation are investigated via ana-
lytial modeling and multi-dimensional partile-in-ell simulations. We nd the radiation eets
are important in the area where some eletrons move bakwards due to stati harge separation
eld at the laser intensity of 10
22 W/cm2. Radiation reation tends to impede these bakwards
motion. In the optial transpareny region ion aeleration is enhaned when the radiation eets
are onsidered.
PACS numbers: 41.75.Jv, 52.38-r, 52.38.Kd
INTRODUCTION
Along with the fast development of laser tehnology,
the power intensity whih is inaessible one deade be-
fore beomes reality. The foused laser intensity of
1022 W/cm2 is available today. The new generation
of laser system suh as ELI is under onstrution. Fo-
used intensity of 1025 W/cm2 is just forward [1℄. By
use of suh intense laser power, plenty of physial prob-
lems an be studied and amount of appliations are wait-
ing for disovering. Among them partile aeleration
presently and will still attrat extensive attentions. Ele-
tron aeleration by laser plasma aelerator is aimed to
TeV [2℄, ion aeleration also towards to stable, high and
mono-energeti beam [3℄. Besides ultrahigh power laser
system, plasma mirror tehnology also makes the high
ontrast lean pulse possible [4℄, whih makes ultrathin
target (∼nm thikness) now appliable for ion aelera-
tion [5℄. Unlike the target normal sheath eld aeler-
ation (TNSA) [6℄, radiation pressure dominated ion a-
eleration (RPA) an have a muh longer aeleration
distane [7℄. Simulation results show ions an get GeV
energy when a 20fs long laser pulse with 1022 W/cm2
intensity is used [8℄. Besides the two mentioned ion a-
eleration mehanisms, reently ion aeleration in the
optial transpareny region named the "laser breakout
afterburner" (BOA) [9℄ has also been studied. It demon-
strates that ions an get ontinuously aeleration even
the laser pulse transmits through the ultrathin foil, whih
also gives a possible way to get high energy ion beams.
As is well known, high energy partiles when suer-
ing aeleration self-radiation is onomitant. Radiation
reation eets should be onsidered when the radiation
damping fore is omparable to the external one. For the
above mentioned proesses for partile aeleration, ele-
trons are always endured intensive aeleration. When
the laser intensity inreases further, the radiation rea-
tions annot be negleted. Naumova et al. have stud-
ied the radiation reation eet on the laser hole boring
Figure 1: (olor online) Sketh map of laser eletron intera-
tion. Here a linearly polarized laser pulse is used.
proess and point out it plays a positive role as it al-
lows one to maintain the eletron thermal energy on a
relatively low level and prevents the eletron bakward
motion through the pulse [10℄.
In the present paper, we study their eets on ion a-
eleration. As a primary result, we nd the radiation
mainly omes from the eletrons moving bakwards in
the laser pulse and the radiation damping impedes this
kind of bakward motion, whih an redue the partiles'
volume in the phase spae and improve the ion aelera-
tion energy and quality.
RADIATION AND ITS EFFECT
Before showing the eet of radiation damping, we rst
hek the threshold of the laser intensity for the impor-
tant radiation reation eets from existed fundamental
formulae. For an eletron with veloity v∼c, one an get
the radiation power P (t) at the loal radiation time t as:
P (t) =
2e2
3m2c3
(
d~p
dt
)2, (1)
2when ~aacce‖~v, and
P (t) =
2e2
3m2c3
(
d~p
dt
)2γ2, (2)
when ~aacce⊥~v. Here ~p is the eletron momentum, γ is the
relativisti fator, e andm are the harge and mass of the
eletron, respetively. So the radiation due to the trans-
verse aeleration is γ2 stronger than the one due to the
longitudinal aeleration. For the synhrotron radiation,
the radiation is mainly in the diretion of eletron motion
and onentrated within an angle of θ with △θ ∼ 1
γ
.
Based on the above knowledge, in the PIC ode we
only onsider the radiation due to the transverse ael-
eration and only the eletrons whose γ ≥ 5 are assumed
to ontribute the radiation.
By use of the normalized variables as in the PIC ode
(p∼p/mc, t∼t/T0 = ω0t/2π), we an get the momentum
variation rate as:
dprad
dt
=
2e2
3mc2λ0
(
dp
dt
)2γ2. (3)
In one simulation step it hanges:
(
dprad
dt
)dt = (
4
9
e2
hc/2π
dp)×(3γ
2
4π
dp
dt
)×hω0/2π
mc2
= nph
ωc
ω0
Eph0(eV )
5.11× 105 ,
where h is the Plank onstant, ω0 is the laser frequeny
and Eph0 is the photon energy of the laser pulse. To be
simply, in the PIC ode we also assume the radiation is
in form of photons. The photon frequeny is ωc and the
orresponding photon number is nph = 8πe
2dp/9hc. The
radiation reation fore on the eletron then is:
dprad
dt
=
4
9
α×3γ
2
4π
× Eph0(eV )
5.11× 105 (
dp
dt
)2
= 1.8791× 10−9γ2(dp
dt
)2/λ0(µm).
The reation fore points to the opposite diretion of the
eletron motion. On the other hand, the eletron also
feels the external fore as (Here we only show the trans-
verse fore due to laser eld.):
dpLaser⊥
dt
= 2πqe( ~E + ~β× ~B)⊥ = −2π( ~E⊥ + ~βx× ~B⊥),
(4)
whereE andB are the intensities of eletri and magneti
elds normalized by mω0c/e. We an get the threshold
of the laser intensity for the obvious radiation damping
eet by using:
dprad
dt
∼ dpLaser⊥
dt
. (5)
It is:
1.181× 10−8γ2( ~E + ~βx× ~B)/λ0(µm)∼1. (6)
Usually in a laser pulse, | ~E| = | ~B| = a. For an eletron
moving along with a linearly polarized laser pulse, we
have:
py = a
px = a
2/2 > 0
γ = 1 + a2/2
Here a is the normalized laser eld. To get an obvious
radiation eet, it should satisfy γa≥8.47 × 107, orre-
spondingly the laser intensity should satisfy: a≥550. It
is about 4.2×1023 W/cm2 for a laser with a wavelength
of 1 µm, whih is higher than the urrent running laser
system. However, for an eletron with longitudinal velo-
ity of βx ≃ 0, Eq. (6) hanges to γ2a ≥ 8.47×107. When
the eletron moves in the opposite diretion of the laser
pulse with the longitudinal veloity βx≃ − 1, then one
an get γ2a ≥ 4.23× 107. That is the threshold of a an
be γ times smaller when the eletrons with the same en-
ergy (γ) move bakward (see Fig. 1). The reason is that
the radiation fore is proportion to the square of the a-
eleration fore. For the eletrons moving forwards the
transverse fore they feel is about zero (
~E + ~βx× ~B ≈ 0),
so the radiation fore is even smaller. However, for the
eletrons moving bakwards, the felt transverse aelera-
tion fore is about 4πqe ~E, so the radiation fore is muh
larger.
SIMULATION RESULTS AND DISCUSSION
In the following, we use PIC simulations to hek the
radiation reation eets and show their importane on
ion aeleration. To simulate the damping eets we
suppose that, at any given moment of time, the ele-
tron radiation spetrum is synhrotron like [11℄. The
ritial frequeny ωc is given by the relation ωc =
(3/4π)γ2|△P⊥|/(dt); △P⊥ is the variation of transverse
eletron momentum fore during the time step of dt. In
our PIC ode, we follow trajetories of eah eletron and
alulate the emission during the interation. We al-
ulate the damping eets by onsidering the eletron's
reoil due to the emitted radiation. The reoil fore is
inluded in the equations of eletron motion. We should
mention that our method is dierent with the one used
by Martins et al. in OSIRIS ode, in whih they an
get the radiation eld and frequeny in a faraway vir-
tual detetor [12℄. In our ode we do not pay attention
to the reeived radiation eld on the virtual detetor.
Our main attention is foused on the reation eets on
plasma itself. The radiation we reorded every simulation
step is the photons radiated in the loal time of radia-
tion, not the one at the observation time. Our method
is also simpler than the one used by Sokolov et al., in
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Figure 2: (olor online) (a) Spatial-temporal distribution
of the eletron density. (b) Eletron energy spetra in the
simulations with and without radiation damping eets at
t = 20 T0. () The energy angular distribution of the radi-
ated photons during t = 20 T0 and t = 21 T0. The olorbar
shows the relative photon number in the logarithmi value.
(d) Proton spetra in the simulations with and without ra-
diation damping eets at t = 20 T0. Here a = 100 and
n = 100.
whih the modied non-perturbative Lorentz-Abraham-
Dira equation is resolved for partile motion instead of
the normal Lorentz equation [13℄. Although with our
method the ode annot gives a orret radiation eld
on a virtual detetor, it is relatively simple and an give
appropriate desription for the plasmas under radiation
damping. Our ndings are similar with Naumova et al.
as they study the hole boring proess for fast ignition,
however, our main interest is on the ion aeleration in
the laser foil interation.
We take 1D-PIC simulations with the KLAP-1D
ode [14℄. In the simulation, the laser pulse has
trapezoidal temporal intensity prole ("linear inrease-
plateau-linear derease") with the pulse length 1λ/c-
16λ/c-1λ/c. Here λ = 1 µm is the laser wavelength.
The normalized laser eletri eld a = eE/mω0c hang-
ing from 100 to 500 are used. The target plasma are
omposed of eletrons and protons and they are initially
uniformly distributed from x = 4 λ to x = 4.3 λ. The
plasma density is xed to be 100 nc with the ritial den-
sity nc = 1.1×1021/cm3.
For the presently xed plasma density we nd when
the laser intensity is lower than a∼125 the radiation ef-
fets on the partile energy spetrum is not observable.
Fig. 2(a) shows the spatial temporal distribution of the
eletron density in the simulation of a = 100. In this
ondition, the ions are aelerated in the radiation pres-
sure dominated region. Eletrons and ions are moving
together and the aeleration is phase stable. No obvious
eletron bakward motion happens. The eletron energy
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Figure 3: (olor online) (a) Spatial-temporal distribution
of the eletron density for the simulation without radiation
damping eets. (b) The ase with radiation damping eet.
() The energy angular distribution of the radiated photons
during t = 20 T0 and t = 21 T0. The olorbar shows the
relative photon number in the logarithmi value. (d) The
radiated photon energy and positions during t = 20 T0 and
t = 21 T0. The olorbar shows the relative photon number in
the logarithmi value. Here a = 180 and n = 100.
spetrum does not vary so muh between the two simu-
lations with and without radiation damping as shown in
Fig. 2(). There is a sharp peak in the proton spetrum
with the position at 0.63 GeV after 16 T0 aeleration
time whih is lose to the theoretial value of 0.66 GeV.
Fig. 2() shows the energy angular distribution of the ra-
diated photons. Most of the radiation is in the forward di-
retion and the photon energies are about 10 KeV. From
the simulation we alulate the average radiation power
is about 1.64×1017 W/cm2 whih is negligible ompared
to the laser power of 2.76× 1022 W/cm2.
When we inrease the laser intensity further to a =
180, the radiation damping eets obviously appears.
Fig. 3(a,b) show the spatial temporal distribution of the
eletron density in the two ompared simulations (with
and without radiation eets). As we see when there is no
radiation eets amount of eletrons move bakwards and
the eletron density distribution disperses in spae. On
the ontrary, after onsidering the radiation eets this
kind of bakward aeleration has been suppressed. More
eletrons are onentrated and move along with the ion
bunh as shown in Fig. 3(b). We show the energy angular
distribution of the radiated photons in Fig. 3(). It om-
poses of two parts. Exept the lower part with low pho-
ton energy whih is similar with the one in Fig. 2() (We
all this "low energy radiation".), there is a high energy
part whose radiation diretion is uniformly distributed in
the forward and bakward diretions (We all this "high
energy radiation"). To nd the soure eletrons for these
radiated photons, we show the radiation position distri-
4Figure 4: (olor online) (a) Eletron distribution in the x−px
phase spae, the momentum is normalized bymec; (b) Proton
distribution in the x − px phase spae; () Eletron energy
spetrum, the momentum is normalized by mic; (d) Proton
energy spetrum. The time here is t = 20 T0.
bution in Fig. 3(d). Comparing with the positions of the
eletrons at t = 20 T0 in Fig. 3(b), we an see the low
energy radiation (Ephoton < 1 MeV ) mainly omes from
the eletrons moving with the ion bunh and the radi-
ation mainly onentrates within the angle of 20o, the
high energy photons (Ephoton∼22.5 MeV ) are radiated
by the eletrons whih move behind the ion bunh where
the plasma is transparent to the laser pulse and eletrons
move both forwards and bakwards, the radiation is also
almost uniformly in the angular distribution. The to-
tal radiation power density is about 8.84× 1021 W/cm2
whih is almost 10% of the laser power density.
Partile distributions in the phase spae are shown in
Fig. 4(a,b). Eletrons have muh smaller volume in the
phase spae when the radiation damping is inluded in
the simulation. In this ase no bakward ion aeleration
has been found. Muh more ions are onned in the front
aelerating bunh ompared with the simulation with-
out radiation damping. The eletron energy spetrum
also shows that eletrons have a muh lower peak energy
(10 MeV) in the radiation inluded simulation, however,
it is about 150 MeV in the simulation without radiation
damping. Proton energy spetrum shown in Fig. 4 on-
rms muh more protons are onentrated and aeler-
ated in the bunh whose peak energy is about 1.5GeV at
t = 20 T0.
From the energy point of view, at t = 20 T0, to-
tally 5.01 × 109 J/cm2 laser energy density has been
transported into the simulation box. When no radia-
tion damping is inluded, among them 2.44% (1.22 ×
108 J/cm2) transforms to eletrons and 6.93% (3.47 ×
108 J/cm2) transforms to protons. When radiation
damping is inluded, 1.23% (6.15 × 107 J/cm2) trans-
forms to eletrons and 11.16% (5.59× 108 J/cm2) trans-
forms to protons. As we see radiation damping redues
the eletron energy, however, it improves the proton a-
eleration. Neglet of radiation damping gives a lower
estimation of energy onversion eieny and worse spe-
trum.
In our simulations, we nd that the high energy ra-
diation appears when a > 125. Its quotient among the
total radiation inreases with the laser intensity. When
a > 300, there is only high energy radiation. These dif-
ferent radiation proles also reet the dierent aelera-
tion senarios. From the balane between the fores due
to eletrostati eld and radiation pressure [8℄:
πn20l
2 =
a2
0
π
1− βe
1 + βe
, (7)
where l is the thikness of the target normalized by laser
wave length (λ0) and βe = a/(a +
√
min0) is the rela-
tivisti hole boring veloity [15℄, we an get the ritial
laser intensity for the laser pulse transmitting through
the target. For our present simulation parameters: n0 =
100, l = 0.3,mi = 1836, we get acr ≈ 117. The intensity
is lose to the ritial value (a ≈ 125) for the high energy
radiation. It means when the laser intensity is higher
than acr, the target tends to be transparent to the laser
pulse. Stable (at least in the 1D ase) struture of radia-
tion dominated ion aeleration begins mixing with other
aeleration mehanism (suh as BOA). However, some
ions an still be aelerated by the radiation pressure.
The amount of these ions depends on the laser intensity.
Other ions are aelerated or deelerated by the dispersed
eletrons. When the laser intensity inreases further, ra-
diation pressure aeleration disappears ompletely. Ions
an only be aelerated in the heated eletron pool whih
moves with the laser pulse. In this senario, the radia-
tion damping is important and neessary, whih atually
makes the eletron pool ooling down and improves the
ion aeleration. Further investigation still needs for this
kind of aeleration senario.
SUMMARY AND DISCUSSION
In summary, by use of PIC simulations we studied the
radiation reation eets on the ion aeleration in the
radiation pressure dominated region and the transpar-
ent plasma region. We nd radiation damping eets are
important for the eletrons moving bakwards and im-
mersed in the laser pulse. Self-radiation impedes bak-
ward motion, ools down the eletrons and makes more
ions be onentrated and aelerated. We notie reently
many studies on ion aeleration by use of ultrathin foil
target, in whih target plasma is almost transparent to
the laser pulse. Eletrons are daning with the trans-
mitted relatively long laser pulse. The loal harge sep-
aration eld takes in harge of ion aeleration. In this
5ondition, a orret eletron distribution in phase spae
is important to get the orret nal maximum aeler-
ated ion energy and aeleration saling. When the laser
intensity is larger than a = 100, radiation reation ould
hange the eletron distribution in phase spae. Further-
more, with future laser system suh as ELI (a > 1000),
laser intensity is high enough to awake the ontribution of
radiation damping. Even for the eletrons move forward,
the radiation reation should be onsidered. It deserves
and is neessary to inlude the radiation reation eets
in the future PIC simulations when ultra intense laser
pulse is used.
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